ABSTRACT
S1). These boxes were filled with the different sediment mixtures to an approximate depth of 144 150 mm and the total mass of sediment within each box was 14 kg. Incubator boxes were 145 distributed among the 5 troughs so that each trough contained 6 boxes (replicates; Figure 1 ; 146 Figure S1 ). Sediment mixtures were disinfected with Virkon S (Antec International Ltd., 147 Sudbury, UK), rinsed, dried and mixed on site, prior to insertion into the incubator boxes. 148
149
Water flowed through the system from the header tank via gravity, through the UV filter and 150 into the return pipe where water either entered the sump directly or via the troughs, incubator 151 boxes and drain. Before recirculation, sump water was heated using an Elecro 2kW S/S 152 electric heater (230v 1ph) and pumped back to the header tank via the delivery pipe ( Figure  153 1). Water entered each trough through an inflow pipe before being pumped by a small 154 submersible pump, through a manifold and into the incubator boxes. A gate valve on each of 155 the manifold branches allowed for the regulation of flows within incubator boxes. Flow rates 156 within each incubation box were approximately 7 L min -1 , as per Fudge et al. (2008) , and 157 consistent with those measured in the field at B. barbus spawning sites (Bašić et al., 2017) . 158
The excess water that overflowed the boxes was collected in the troughs and transported 159 away via outflow pipes (Figure 1 ). To ensure emerged larvae did not escape from each box 160 with the overflowing water, fine mesh (1 mm) was placed around the outer edges of each 161 box. We observed no fine sediment loss from either the inflow pipes of overflows during the 162 experiment. 163
8
Following initial set-up, the system was allowed to run for 7 days before adding fertilized B. 165 barbus eggs. Flow velocity was measured three times in each box before sediment was 166 added, just above the inflow outlet using a side-facing Nortek Vectrino, sampling at 100Hz 167 for 60 seconds. This was to ensure flow conditions were consistent between the different 168 treatments and control. Importantly, no significant differences in the vertical component of 169 velocity were detected (one-way ANOVA; F (4,25) = 1.07, P > 0.05). Additionally, water 170 velocity within each of the incubator boxes was measured after the addition of sediment. 171
Measurements were made just above the sediment surface (10 -20 mm) at three locations per 172 incubator box, using the equipment and procedure described above. Mean values of the 173 vertical component of velocity from each trough were used as a proxy for interstitial water 174 velocity at the start of the experiment. Mean velocity was 0.01 ± 0.002 ms -1 , well above the 175 minimal interstitial flow velocity associated with high salmon embryo survival (4.17e -05 ms -1 ; 176 Franssen et al., 2012; Greig, Sear, & Carling, 2007) . Therefore, it was assumed that initial 177 conditions within incubation boxes were suitable for egg incubation. 178 179
Collection and seeding of Barbus barbus eggs

180
Fertilized B. barbus eggs were provided by the Environment Agency of England, a 181 government-funded organisation responsible for fisheries management and regulation. Eggs 182 and milt were extracted from one female (fork length: 690 mm; mass: 4.5 kg) and 2 males 183 (fork lengths: 490 and 530 mm) under anaesthetic, following two rounds of hormone 184 injections (carp pituitary extract; 0.1 ml/kg) over a 24-hour period. A single female was used 185 to ensure consistent levels of fertilisation between experimental replicates. Following 186 fertilization in the hatchery ( Figure S1 ), eggs were immediately transferred to the 187 experimental recirculating system located on site (Figure 1 ; Figure S1 ). Approximately 3009 eggs were deposited inside each spawning box (Table 3) at a depth of 100 mm and covered  189 with a 50 mm layer of additional sediment. The exact number of eggs per box was 190 determined using image analysis in Image J (Schneider, Rasband, & Eliceiri, 2012; Figure 191 S1) of photographs of the eggs prior to their deposition in the incubator boxes. Eggs were not 192 counted manually due to time constraints and high sensitivity of B. barbus eggs to handling 193 (personal observation by Bašić). 194
195
All eggs were deposited 24/05/15 at 06:00, marking the start of the experiment. Water 196 temperature was initially set at 16 °C but increased to 17.5 °C five days later when hatching 197 started to ensure optimal conditions for egg and larvae development (Wijmans, 2007) . The 198 experiment utilized a 14:10 h light: dark photoperiod (Policar, Podhorec, Stejskal, 199 Hamackova, & Hadi Alavi, 2010 , controlled by timer-operated lamps above each of 200 the incubator boxes. Water temperature, pH, conductivity, dissolved oxygen and unionized 201 ammonia concentration were monitored at least two times per day per replicate using a YSI 202 probe, ensuring physico-chemical water conditions were suitable (cf Policar et al., 2010 Policar et al., , 203 2011 Wijmans, 2007) Each egg box was inspected twice daily (morning and evening) for emerged larvae. Direct 219 egg hatching success could not be assessed as B. barbus larvae are photophobic after 220 hatching and remained in the sediment until yolk sac absorption (Balon, 1975; Vilizzi & 221 Copp, 2013) . Thus, pre-emergence survival was assessed as the proportion of eggs that 222 resulted in an emerged larva. The timing of emergence was assessed when larvae emerged 223 from the substrate into the surface water column, allowing their capture with an aquarium net 224 without disturbing the sediments. We observed no attempts by free-swimming larvae to re-225 enter the sediment during collection although some did stay close to the bed, presumably to 226 avoid detection and so, capture. A variety of capture techniques were considered, including 227 use of pipettes, but these methods were rejected due to time constraints and high sensitivity of 228 B. barbus larvae to handling (personal observation by Bašić). Emergence to the surface water 229 column began on day 12 of the experiment and typically coincided with yolk sac exhaustion 230 (personal observation by Bašić). However, emergent larvae with the yolk sac intact were 231 observed on the sediment surface of treatments with high sand content (30 and 40 %) from 232 day 5 of the experiment. These larvae could not be removed without sediment disruption, so 233 were left and recovered following emergence to the water column. Consequently, body length 234 and size of the yolk sac immediately after emergence from the gravels could not be assessed 235 during the experiment. 236 237 Upon emergence to the water surface, larvae were captured daily from treatment and control 238 incubation boxes, counted and transferred to separate holding cages (0.17 x 0.13 x 0.13 m). 239
Daily enumeration and removal of emergent larvae continued through the emergence period 240 and after 3 consecutive days of no emergence from any treatment/control, the experiment 241 concluded. Upon experiment completion fish were stocked into a nursery pond but no 242 subsequent measurements of physiology or fate were made. 243 244
Data analysis
245
The effect of substrate composition on egg to emergence survival was assessed using a 246 generalized linear mixed model (GLMM) with the proportion of eggs that resulted in an 247 emerged larva in each replicate (as a value between 0 and 1) and treatment specified as a 248 response variable and fixed effect, respectively (Table 4 ). In addition, each sample was fitted 249 as a random effect on the intercept to correct for over-dispersion and validated accordingly 250 post fit (Bolker et al., 2009; Harrison, 2014) . The impact of treatment on time (in days) 251 required to reach 50 % emergence was quantified using a linear model (LM) ( Table 4) . 252
253
The difference in emergence timing across treatment was assessed using a GLMM where the 254 cumulative proportion of daily emerged larvae to the water column (each daily proportion 255 value per replicate was added to previous available proportions to establish total proportion 256 of emerged larvae for a certain day and treatment) was specified as a response variable and 257 the interaction of treatment and time a fixed effect. Each incubator box was specified as a 258 nested random effect on the intercept to account for temporal dependency of data (Table 5) . 259
260
GLMMs were fitted by maximum likelihood using a Laplace approximation (family-261 binomial; link-logit; Zuur, Ieno, Walker, Saveliev, & Smith, 2009) proportion of emerged larvae, comparisons of covariate adjusted means were conducted via 268 least-squares means with Dunnett adjustments for P values for multiple independent 269 comparisons using multcomp package in R (Hothorn, Bretz, & Westfall, 2008) . 270 271 
RESULTS
272
Over the 21-day experimental period, the proportion of eggs that survived to larval 273 emergence was similar across treatments (Wald χ (Table 5 ). Dunnett's pairwise comparison revealed significant differences between 286
proportions of larvae emerged to the surface water in the control and 10% sand treatment 287 from the thirteenth day of the experiment (z = 2.55, P = 0.04; Table 5 ) until the nineteenth 288 day of the experiment (z = 1.33, P = 0.47; Table 5 ). The daily proportions of emerged larvae 289 to the surface water varied significantly between the control and 20% sand treatment from 290 day 12 (z = 4.58, P = 0.01; Table 5 ) to day 18 of the experiment (z = 2.42, P = 0.05; Table 4) , 291 but the overall rate of emergence equalized thereafter (Table 5 ; Figure 4) . 292 293 Treatments with the highest amounts of sand (30 and 40 %) differed significantly in the rate 294 of daily emergence from the control, with a general pattern of more rapid emergence rates to 295 the surface water column (Table 4) . Most of these larvae emerged from the sediment 5 days 296 after the start of the experiment in 30 and 40 % sand treatments, but their capture and 297 enumeration were not possible prior to their emergence to the water column. Consequently, 298
proportion of emerged larvae to the surface water column between treatments with 30 and 40 299 % sand and control differed significantly from day 12 (z = 8.02, P < 0.01 and z = 9.46, P < 300 sand content (30 and 40 %) and control conditions. Most larvae from the high sand treatments 307 moved to the sediment surface on day 5 and appeared to have their yolk sacs intact and were 308 unable to swim, but enumeration was not possible until emergence to the surface water 309 column. Correspondingly, larvae from treatments with 30 and 40 % sand emerged to the 310 water surface earlier than control larvae, which took 8 additional days to reach 50 % larval 311 emergence. 312
14
313
There are three plausible reasons for the early emergence detected during this experiment. 314
First, smaller gaps between grains in the 30 and 40 % sand treatments may have limited the 315 body size at which larvae could emerge (Sear et al. 2016) , meaning larvae left the substrate 316 earlier to avoid entombment. Second, it is reasonable to assume larvae exposed to the 30 and 317 40 % sand treatments were at increased risk of abrasion due to increased availability of fines. 318
Thus, fish exposed to these sediment mixtures may have emerged prematurely to avoid risk 319 of damage, which may have influenced survival. Third, low oxygen levels within sediments 320 with high fines may have caused premature emergence as shown in several studies (e.g. 321 Bloomer et al., 2014; Chapman et al., 2014; Sear et al., 2016) . Regardless of the driver of 322 early emergence, our observations suggest the timing of emergence had a significant impact 323 on larval physiology immediately post-emergence, with larvae emerging early from 324 substrates with 30 and 40 % sand appearing smaller and with a larger yolk sack. These 325 observations are broadly supported by quantitative data from other studies. Franssen et al. 326 (2012) showed premature emergence of Salvelinus fontinalis in fines-rich sediment (< 0.5 327 mm) under controlled conditions. The body size and weight of larvae was smaller in earlier 328 emerged individuals and the yolk sack was larger. Similarly, prematurely emerged larvae of 329
wild Salvelinus confluentus had a larger yolk sac at a site with high fine sand content (< 1 330 mm: > 18 %) in subsurface sediments (Bowerman, Neilson, & Budy, 2014) . This is 331 comparable to our treatments with 30% and 40 % sand (< 1 mm component: 21.4 -28.5 %), 332 where earlier emergence of larvae was observed (Day 5 of the experiment). However, this did 333 not correspond with higher mortality rates, as the numbers of emerged larvae equalized after 334 16 days (Day 21 of the experiment) across all treatments. 335
336
Other investigations into emergence of salmonid species found limited impacts of fine 337 sediment on larval survival. For example, no significant differences in survival and total 338 emergence were detected for Salmo salar and Oncorhynchus mykiss larvae between 339 treatments with variable fine sediment content (Fudge et al., 2008; MacCrimmon & Gots, 340 1985) . However, emergence patterns changed with sediment treatment such that in 341 MacCrimmon and Gots (1985) , mean time to initial emergence to the water column and time 342
to median emergence were shorter in sand-rich substrates (< 4 mm). Specifically, 90.9 % of 343 larvae migrated towards the surface immediately after hatching in treatments with 60 -100 % 344 fines, with delayed emergence observed for treatments with 20 and 0 % fines (MacCrimmon 345 & Gots, 1985) . In addition, and in line with our observations, early emergers were 346 significantly smaller and had a larger yolk sac in comparison to larvae from low fines 347 treatments (MacCrimmon & Gots, 1985) . size is reached at which that individual has higher competence to avoid sub-optimal 355 conditions (Bowerman et al., 2014; Chapman et al., 2014; Sear et al., 2016) . However, this 356 can be offset by longer exposure to unsuitable conditions, resulting in impaired development 357 and survival post-emergence (Brännäs, 1995; Einum & Fleming, 2000; Roussel, 2007) . 358
Furthermore, longer residence in the substratum increases the risk of predation by egg-eating 359 predators (Chotkowski & Marsden, 1999; Edmonds, Riley, & Maxwell, 2011; Johnson & 360 Ringler, 1979) and entrainment by high flows (Lisle 1989; Montgomery, Beamer, Pess, & 361 Quinn, 1999; Montgomery, Buffington, Peterson, Schuett-Hames, & Quinn, 1996) (Table 1) . Pacific 372
Salmon are also less tolerant of substrates with fines exceeding 7.5 -21 (< 1 mm) and 11 % 373 (< 2 mm) ( Table 1) . Longer incubation time of salmonid eggs and larvae (four to six months) 374 in the gravel (Hendry, Hensleigh, & Reisenbichler, 1998; Malcolm, Middlemas, Soulsby, 375 Middlemas, & Youngson, 2010; Murray & McPhail, 1988) can increase risk of entombment 376 (Franssen et al., 2012; Fudge et al., 2008; Sternecker & Geist, 2010) and likelihood of 377 asphyxiation resulting from elevated sedimentation rates during early development (e.g. 378 Bowerman et al., 2014; Levasseur et al., 2006; Sear et al., 2016) . In contrast, B. barbus 379 spawns during late spring in warmer conditions, thus their incubation time is significantly 380 shorter, often less than two weeks, depending on temperature (Wijmans, 2007; Kemp et al., 381 2011) . Salmonid eggs and larvae are typically buried at comparatively greater depths in the 382 substratum (mean bottom egg pocket depth: 28.6 cm; Table 1 ) as opposed to shallow 383 spawners such as B. barbus (around 5 cm; personal observation by Bašić), which may impose 384 a higher risk of entombment (Lisle, 1989 , Montgomery et al., 1996 Wijmans, 2007) . 385
However, risks of predation and egg entrainment are presumably higher for shallow-386 spawning fishes. A shorter incubation time appears to have been advantageous for B. barbus 387 in this study, although spring/summer spawning and shallow burial depth could also increase 388 egg and larval predation risk, given elevated metabolic rates and so, food requirements of 389 piscivorous predators around that time. As incubation time and egg burial depth could have 390 significant implications for reproductive success of different fish species, greater 391 understanding of the nature of spawning and its impact on species resistance to 392 environmental stressors is therefore required to aid conservation efforts. Table 5 Results of GLMMs testing: 1) differences in egg to emergence survival between 756 treatments, 2) differences in cumulative proportion of daily emerged larvae to the 757 surface water between treatments. Mean differences are from estimated least-square 758 means, significant at * P < 0.05 and ** P < 0.01. Table  5 . 781
